Pipeline leak detection using hydraulic transient analysis is a relatively new detection technique. For single pipeline systems, recent work has led to two different approaches for determining leak parameters based on leak-induced patterns displayed in a pipeline's frequency response diagram (FRD). The major difference between the two techniques is that one uses the leak-induced pattern within the odd harmonics of an FRD, while the other one uses the leak-induced pattern at the even harmonics. In order to compare and contrast the two approaches, the current research analyses the relationship between the characteristics of the leak-induced patterns and the parameters of the pipeline system. A dimensionless analysis, based on hydraulic impedance, is adopted to simplify the equations. The amplitudes of leak-induced patterns at both the odd and the even harmonics in the FRD are found to be dependent on a critical parameter: the dimensionless steady-state valve impedance, Z and the amplitude of either leak-induced pattern. Finally, the two existing FRD-based leak detection methods are compared, and the approach using the odd harmonics is found to be superior.
Introduction
The problem of leakage in water distribution systems not only imposes a large economic cost on users and authorities, but also poses significant potential risks to public health due to possible contamination of the potable water supply. Attention to this problem has increased over the last decade due to a growing awareness of the need for water security.
During this time, a number of transient based methods for leak detection have been developed (Colombo et al. 2009 ).
Transient based leak detection methods utilize transient pressure waves that travel at a high speed inside pipelines. Leaks, or any other physical changes in a pipe, can induce reflections on a travelling wave. In the time domain, these reflections are observed as discontinuities in the pressure signal measured along the pipe (Lee et al. 2007 ). In the frequency domain, the frequency response diagram (FRD) of the pipeline system may be distorted due to the reflected signals (Lee et al. 2005a) (Silva et al. 1996; Brunone 1999) , impulse response techniques (Vítkovský et al. 2003; Lee et al. 2007 ) and inverse transient analysis (ITA) methods (Liggett and Chen 1994; Vítkovský et al. 2007; Jung and Karney 2008) . Frequency domain techniques are usually based on the analysis of a pipeline system's FRD, which describes the amplitude of the pressure response fluctuation corresponding to each frequency component in an input signal. Compared with time domain methods, frequency domain methods require less computational time because the head and flow responses are determined directly through analytic relationships (Colombo et al. 2009 ). Jönsson and Larson (1992) first proposed that the spectral analysis of a measured pressure trace could be used for leak detection. Several years later, Mpesha et al. (2001) proposed a leak detection method based on the analysis of an experimental FRD of a pipeline system; Ferrante and Brunone (2003) presented a leak detection method based on the analysis of hydraulic impedances of a pipeline; Covas et al. (2005) proposed a standing wave difference method (SWDM) which used the spectral analysis of an FRD to determine the leak-resonance frequency, thereby determining the leak location. However two solutions existed for a single leak in the SWDM.
In the same year, Lee et al. (2005a) introduced a method that could both determine the location and the size of a leak by analyzing the leak-induced pattern (pressure oscillations) at the resonant frequency components (the odd harmonics) in the FRD. In a later paper, Lee et al. (2006) presented the first experimental validation of the FRD based leak detection method. Sattar and Chaudhry (2008) then suggested a similar leak detection M a n u s c r i p t
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According to the analyses presented in Lee et al. (2005a) and Sattar and Chaudhry (2008) , a leak-induced pattern appears as sinusoidal oscillations at the odd or the even harmonic magnitudes in the FRD for a leaking pipe. The period of the leak-induced pattern can be used to determine the leak location. The amplitude of the pattern is indicative of the leak size. In Lee et al. (2005a) the leak-induced pattern at the odd harmonics is evident, while only slight perturbations can be observed at the even harmonics. In contrast, the leak-induced pattern at the even harmonics possesses a larger amplitude in Sattar and Chaudhry (2008) . As a larger leak-induced pattern amplitude (which has a higher signal to noise ratio) is desirable in real applications, two questions naturally arise from this discrepancy between these two FRD based leak detection The research reported here answers these questions by analyzing and comparing the leak-induced patterns at the odd and the even harmonics in the FRD. This study initially reviews the fundamental equations involved in the analysis of steady oscillatory flow in a single pipe using the transfer matrix method (Chaudhry 1987 Equations for determining the dimensionless leak size are also derived in this research.
The dimensionless leak size can be determined from the amplitude of the leak-induced pattern at either the odd or the even harmonics. In order to illustrate the effects of the two dimensionless impedances ( * V Z and * L Z ) on the amplitudes of the leak-induced patterns, numerical simulations are conducted for the dimensionless system neglecting friction. A case study for a specific pipeline system with steady friction is also performed to determine the effect of M a n u s c r i p t
Fundamental Equations
Unsteady flow in pipes can be described by simplified one-dimensional momentum and continuity equations, as shown by Chaudhry (1987) Provided the flow and head oscillation at the upstream end (entrance) of the th i pipe are known, the expressions for the amplitudes of head and flow fluctuation at the downstream end of the th i pipe can be written in the matrix notation as (Chaudhry 1987 ) Similar matrices can be derived for other components such as inline valves and leaks.
The point transfer matrix for a leak presented in Lee et al. (2005a) is The overall transfer matrix U for a pipeline is obtained by an ordered multiplication of the individual field and point matrices starting at the downstream end. For a single pipeline with a leak (see Fig. 1 ),
, in which 1 F and 2 F are the field transfer matrices for the two pipe sections separated by the leak.
Fig. 1 goes here

Frequency Response Equations for a Leaking Pipe
Similar to the systems in Lee et al. (2005a) and Sattar and Chaudhry (2008) , a reservoirpipeline-valve system is adopted for the research described in this paper, as shown in Fig. 1. For a frictionless intact pipeline (that is, without any anomalies such as leaks), the FRD has a uniform value of 0 0 / 2 V H at the odd harmonics and a zero value at the even harmonics (Lee et al. 2005a ). Neglecting friction, where a leak exists in the pipe, the magnitude of the pressure fluctuation at the upstream side of the valve can be derived as 
where
is the dimensionless leak location.
Similarly, Sattar and Chaudhry (2008) 
Dimensionless Analysis of the Leak-induced Patterns
As part of conducting the research described in this paper, it is necessary to simplify the governing equations using a dimensionless analysis on the leak-induced patterns using hydraulic impedances (Wylie and Streeter 1993) . Based on the characteristic impedance for a frictionless pipeline, ) /(gA a Z C , the hydraulic impedance for a steady-state valve,
, and the hydraulic impedance for a leak (or a fixed orifice
, dimensionless impedances for the valve and leak can be defined as
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Similarly, for the head fluctuation at the even harmonics, Eq. (8) yields
Eqs (13) and (14) show that, in addition to the relative angular frequency, the dimensionless leak-induced patterns are dependent only on three dimensionless parameters:
The periods of the sinusoidal patterns are both equal to M a n u s c r i p t
. The dimensionless amplitude of a leak-induced pattern can be defined as the maximum head value minus the minimum head value within the oscillatory pattern. From Eq. (13), the theoretical minimum head value at the odd harmonics is
x equals 1. When the cosine function equals -1, the maximum head value is achieved as 1. As a result, the theoretical dimensionless amplitude of the leak-induced pattern at the odd harmonics is given as
The theoretical dimensionless amplitude for the leak-induced pattern at the even harmonics can be derived by a similar process, and written as
Eqs (15) and (16) Indicative values for n and m are discussed subsequently.
Considering the valve as an orifice and using the orifice equation, the expression of the dimensionless steady-state valve impedance can be written as 
O
. In addition, note that when M a n u s c r i p t
simplifying Eq. (6) to obtain Eq. (7) and Eq. (8), the eliminated small coefficient 
By substituting it into the orifice equation for the leak, 
Values of the leak-induced pattern amplitudes can be read from the experimental FRD, and the value of * V Z can be calculated by the steady-state head loss across, and flow through, the inline valve. As a result, the dimensionless leak size A A C L Ld / can be determined mathematically either from the leak-induced pattern at the odd harmonics or that at the even harmonics. The above procedure is equivalent to the leak size determination procedure in Lee et al. (2005a) , but with dimensionless parameters.
Dimensionless Modeling of Frictionless Leaking Pipes
In order to demonstrate the effects of the two dimensionless impedances ( * V Z and * L Z ) on the leak induced patterns, a frictionless reservoir-pipeline-valve system is described here.
A specific set of impedance values is described first, followed by an explanation of the value of the dimensionless impedances one by one.
A leak with a dimensionless impedance of 12.12 (which comes from the pipeline system in the later case study section) is located at the dimensionless leak location
. According to Eqs (15) and (16), the location of the leak does not impact on the 
Fig. 2 goes here
The leak-induced patterns at the odd and even harmonics are illustrated in Fig. 3 A reservoir-pipeline-valve system similar to that in Sattar and Chaudhry (2008) is adopted. The pipeline system layout is the same as that in Fig. 1 . The parameters of this system are summarized in the following table, where r H is the reservoir head. 
Comparison of the Two Existing Leak Detection Methods
The leak detection method proposed by Lee et al. (2005a) and that presented in Sattar and Chaudhry (2008) are now compared to illustrate which harmonics (odd or even) possess the greater utility for leak detection. Leak detection consists of two main goals: (1) to detect the leak location, and (2) to estimate the leak size. The dimensionless leak location can be determined from the period of the leak-induced pattern. The periods of the leak induced patterns at the odd and the even harmonics are the same regardless of whether steady friction is included or not. However, this approach leads to two possible symmetric locations for a leak corresponding to a single oscillation period due to the symmetric nature of the cosine function. In the method proposed by Lee et al. (2005a) , the phase of the inversed leak-induced pattern at the odd harmonics can be used to determine in which half of the pipeline the leak is located. For the method presented in Sattar and Chaudhry (2008) , however, the aliased position cannot be eliminated. The above analysis indicates that the leak detection method proposed by Lee et al. (2005a) using the leak-induced pattern at the odd harmonics has more advantages. It can eliminate the aliased leak location, and provide a leak size with acceptable accuracy with appropriate valve opening settings.
Challenges to current FRD-based leak detection techniques
This research indicates that the leak detection technique based on the analysis of the leakinduced pattern of resonant responses is promising, and extraction of the leak-induced pattern can be improved by using the appropriate valve impedance. However, it should be noted that challenges exist for the application to real pipelines. These challenges result from two major aspects: the assumptions made in the development of the mathematical leak detection algorithms, and practical limitations due to the complexities of real pipeline systems in the field. Details about these two aspects are discussed below.
Summary of the assumptions
A number of assumptions have been made during the development of the FRD-based leak detection algorithms. The major assumptions are summarized and presented below. 
Main assumptions associated with the momentum and continuity equations [Eqs
Challenges in practical applications
As presented in the previous sub-section, current FRD-based leak detection techniques are developed based on a number of assumptions. These assumptions facilitate the deviation of the mathematical equations; however, they also impose challenges on the application of the FRD-based leak detection techniques on real pipelines. Major challenges and possible solutions to date are summarized below.
Effects of friction:
The effects of friction are neglected in the FRD-based leak detection techniques. However, the effects of friction exist in every pipeline and affect the shape of the measured FRD. Lee et al. (2005a) found that steady friction can cause a uniform decrease of the amplitude of a FRD, but that it has negligible effects on the leak-induced pattern at the odd harmonics, while unsteady friction is frequency-dependent and cause a non-uniform distortion of the amplitude of resonant responses. To deal with the non-uniform distortion, a least squares regression fitting algorithm was proposed by Lee et al. (2006) through an experimental study. An equation with ten unknown parameters was calibrated to fit the measured data, so that the frequency of the leak-induced pattern, which is indicative of the location of the by Lee et al. (2005a) and Sattar and Chaudhry (2008) both assume that the pipeline is uniform in cross-sectional area, wall thickness, wave speed and wall material.
However, these properties may vary along a pipeline in the field, for example, due to wall deterioration. Duan et al. (2011) have studied the effects of complex series pipelines on the FRD-based leak detection, which shows that the reflections resulting from internal series junctions modify the system resonant frequencies but have a small effect on the leak-induced information contained within the system frequency responses. Numerical simulations performed by Duan et al. (2011) indicate that single or multiple leaks in complex series pipelines can still be detected by the FRD-based technique developed by Lee et al. (2005a) , provided that the location and size of the resonant peaks of the system frequency responses are accurately determined.
Pipeline networks: The current FRD-based leak detection techniques are developed for single pipelines lying between well-defined boundary conditions (reservoir or valve). However, in practice, few systems exist within this narrow category. In contrast, pipelines often contain multiple sections or form a complex network. Due to the complexities in boundary conditions, until now, no field tests have been conducted for the FRD-based leak detection techniques.
Another challenge in pipeline networks is the demand-induced operational noise.
Transients can be introduced into a pipeline system because of the use of water by an unknown consumer. The demand-induced transient noise is usually small in large scale systems, but need to take into account where necessary.
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The extension of the FRD-based leak detection techniques to pipeline networks is important. Lee et al. (2005b) This research suggests that, in real applications, the leak detection method proposed by Lee et al. (2005a) with a value of * V Z larger than unity should be employed. The opening of the inline valve needs to be small, ensuring a large steady-state valve head loss, a small valve discharge, and the slight effect of steady friction. However, in cases where * V Z cannot be over 1.0, i.e. the steady-state discharge is required to be large, the method presented in Sattar and Chaudhry (2008) can be employed to determine whether there is a leak and to estimate the location.
Notations
The following symbols are used in this paper: 
